Mechanical ventilation is a common process in intensive care units. The weaning period has to be initiated as soon as possible because a delay in recognition that weaning can begin may prolong the duration of mechanical ventilation unnecessarily. The inappropriate management of weaning could influence outcomes; therefore, patients on weaning require continuous attention and intervention. The main objective of this review is to provide a description of the entire scenario and update on outcomes and common recommendations for the correct management of this complex process. The role of modern ventilator modes and non-invasive mechanical ventilation are discussed. Finally, the description and outcomes of a group of patients who have poor outcomes (prolonged weaning group), the importance of their identification, and suggestions for their general management are also presented. (BRN Rev. 2016;2:185-97)
INTRODUCTION
Mechanical ventilation (MV) is one of the most common procedures in the intensive care unit (ICU) 1 . The main goal of MV is to help restore gas exchange and reduce the work of breathing by assisting respiratory muscle activity 2 . Weaning is conducted differently around the world and several modalities are used during weaning [3] [4] [5] .
Weaning is the process of withdrawal of MV. Weaning starts when the patient improves the underlying disease and the responsible physician suspects that he/she can breathe without ventilator assistance. This process has a variable duration and it typically starts by performing a spontaneous breathing trial (SBT). In the majority of patients, the first SBT is followed by an extubation of the trachea. Other patients, however, do not pass the first attempt to wean and will thus require a progressive withdrawal of ventilator assistance. The ability of physicians to predict whether patients can maintain spontaneous breathing after MV has been extensively studied 6, 7 . Therefore, in order to improve the outcomes, the patients that can breathe without ventilator assistance have to be identified early so that the weaning period is kept as short as possible.
WEANING PROCESS
Tobin and Jubran 8 divide the weaning period in seven stages as follows ( Fig. 1 ):
The first stage (pre-weaning) is a period when the patient's clinical condition and gas exchange does not permit to start weaning (i.e. patient with multiorgan dysfunction syndrome and/or high positive end-expiratory pressure and fraction of inspired oxygen [FIO 2 ] levels). Actually, some patients never get beyond this stage.
The second stage starts with the physician's suspicion that the patient can begin the weaning process. Weaning can be initiated if some conditions are reached. These conditions are: (i) improvement of the underlying disease; (ii) an adequate gas exchange; (iii) stable hemodynamics; (iv) adequate performance of the respiratory muscles with correct management of respiratory secretions; and (v) no major metabolic and/or electrolytic disturbances 9, 10 . The correct management of respiratory secretions has to be evaluated because the patients need to protect their airway and clear the secretions with an effective cough. The stimulation of cough reflex with a suction catheter and the amount of secretions have to be considered by the physician or nurse in charge. Pressure support ventilation (PSV) is the most often used assisted modality 11 and synchronized intermittent mandatory ventilation has demonstrated to be the less efficacious modality 9, 12 . Recently, closed-loop modalities have been used at this stage to gradually decrease ventilator assistance.
The third stage is the period for the assessment of readiness to wean through a correct interpretation of physiologic measurements. The rapid shallow breathing index is recommended at this stage 13 . This index is the ratio of breathing frequency over tidal volume (f/V T ). It appears to be the most useful method at bedside. If the value is < 105 breath/ min/l, the process of weaning can continue. This index, however, has some false positive and false negative results, depending on the patient's underlying condition 7 . At the bedside, if the result of the rapid shallow breathing index and the clinical judgment is favourable, the physician can continue with the next stage.
The fourth stage is to perform a SBT. This can be conducted without ventilator assistance (T-tube) or with low-pressure support level (7-8 cm H 2 O) at zero end-expiratory pressure. The disadvantage of the T-tube trial is related to the absence of a connection to a ventilator; therefore, the patients have to be closely supervised. The physician should remember that endotracheal tube narrowing is common during MV and increases with the duration of intubation 14 . The progressive reduction in internal diameter of the endotracheal tube (i.e. inspissated secretions, others) increases airflow resistance and thus the effort to breathe. Data indicate that the airflow resistance of endotracheal tubes at the time of extubation is much higher than at the time of intubation, thus increasing the respiratory muscle work 15 . The optimal duration of the SBT trial is at least 30 minutes and no more than 120 minutes. Spontaneous breathing trials with pressure support or T-tube appear to be suitable methods for evaluation the capacity of spontaneous breathing 16 . However, in difficult to wean patients, the best method to analyse the capacity for spontaneous breathing is T-tube because pressure support could modify the breathing pattern, inspiratory muscle effort, -f/V T ratio. The sixth stage implies the use of non-invasive mechanical ventilation (NIMV) after extubation in specific groups of patients. Its indications are detailed below.
Finally, the seventh stage refers to re-intubation.
PATHOPHYSIOLOGY OF WEANING FAILURE

Respiratory Pump Failure
When the patient's capability cannot balance the respiratory mechanical load, a respiratory pump failure may ensue. This is the most common cause for weaning failure [18] [19] [20] [21] . The deterioration in respiratory system mechanics in patients who fail the weaning trial is characterized by an increase in intrinsic positive end-expiratory pressure (PEEP), and inspiratory resistance with a decrease in dynamic lung compliance 22 . Physicians must take into account that the components of the ventilator circuit, including endotracheal tubes (size, deposit of secretions, curvatures, humidifiers), can increase resistance to airflow and the resistive component of the work of breathing in patients breathing spontaneously 15, 23 .
Heart Failure
Another important and preventable cause of weaning failure is heart failure. During SBT, an increase in blood pressure, heart rate, oesophageal pressure swings (indicating an increase in respiratory muscle effort), and the pulmonary capillary wedge pressure suggest the presence of heart failure 24 . In this scenario, an increased left ventricular preload and afterload occurs, accompanied by an increase in catecholamine levels that contribute to higher oxygen consumption with consequent heart failure and pulmonary oedema 25, 26 , thus creating a vicious circle.
Nowadays, there are non-invasive tools to help physicians to make the diagnosis of cardiovascular dysfunction, such as echocardiography and measurement of plasma B-type natriuretic peptide (BNP). Mekontso-Dessap et al. 27 suggested that a high BNP level before the SBT was an independent risk factor for weaning failure. In this study, the use of diuretic therapy increased the weaning success in patients in whom weaning failed with high BNP levels. Afterwards, the same authors performed a randomized, controlled, multicenter study in 304 patients. They compared a BNP-driven (n = 152) strategy with a usual care physician-driven (n = 152) strategy of fluid management during ventilator weaning 28 . The BNP-driven group had more negative fluid balance (-2.3 versus -0.2 l; p < 0.001).
Time to successful weaning including invasive and non-invasive ventilation was significantly shorter with the BNP-driven strategy as compared to usual care (49 versus 74 hours; p = 0.05). The authors found that the effect on weaning time was mainly driven by patients with left ventricular systolic dysfunction.
Other Causes of Weaning Failure
The weakness and muscle paresis acquired in the ICU is caused by different pathophysiological mechanisms 29 . Multiple organ system failure 30 with the use of neuromuscular blocking agents, associated or not with corticosteroids, may precipitate respiratory muscle weakness 31, 32 . Malnutrition and immobilization also lead to muscle dysfunction and atrophy and can be another cause of weaning failure. The diaphragm seems more sensitive to disuse atrophy than other peripheral skeletal muscles 33 . Several previous studies [33] [34] [35] [36] have shown that critical illness and MV cause atrophy of human diaphragm myofibres. Finally, the abnormalities in muscle function are exacerbated by a decrease in oxygen supply to these muscles, metabolic acidosis, and by certain electrolytic and endocrinological disorders.
CLOSED-LOOP MODALITIES AND WEANING
Closed-loop modalities were developed to provide a continuous adaptation of ventilator assistance to patients' needs during 24 hours a day 37 and to hasten the weaning from MV. The most commonly used closed-loop method is based on PSV (SmartCare ® /PSV). This system continuously analyses the respiratory rate, tidal volume, and end-tidal carbon dioxide level, and adapts the level of pressure support in steps of 2-4 cm H 2 O to keep the patient within a comfort zone. The system automatically tries to reduce the pressure level to a minimal value. At the time when the minimal low-pressure support is provided, a message on the screen recommends separation from the ventilator. Lellouche et al. 38 found that the closed-loop modality decreased the duration of the weaning period compared to conventional PSV (3 versus 5 days; p = 0.01). The reduction in the weaning time was associated with a decrease in both the total duration of MV (7.5 versus 12.0 days; p = 0.003) and the ICU length of stay (12.0 versus 15.5 days; p = 0.02). In contrast to the positive findings of Lellouche and colleagues, Rose et al. 39 reported that SmartCare ® /PSV did not reduce weaning times. The differences on the results were due to the use of 1:1 patient-nurse ratio, the higher experience on weaning of the ICU staff, and the early exclusion of patients who tolerated PSV (within 24 hours). Schadler et al. 40 found that this system decreased the duration of MV in a specific subgroup of patients (cardiac surgery). Finally, a study of Burns et al. 41 compared SmartCare ® /PSV versus a standardized weaning protocol and found that automated weaning patients had significantly shorter median times to first successful SBT (1 versus 4 days; p < 0.001) and to successful extubation (4 versus 5 days; p = 0.01).
Another closed-loop modality is adaptive support ventilation (ASV). In this modality, the physician has to set a maximum airway pressure and a percentage of minute ventilation (based on the ideal body weight) to be delivered to the patient. According to the pre-set user settings, and based in the Otis equation, ASV selects an optimal respiratory pattern in terms of respiratory rate, tidal volume, and inspiratory:expiratory ratio for mandatory breathing. Its main goal is to ensure an effective alveolar ventilation with a minimal work. Recently, a new modality based on ASV has been developed (IntelliVent-ASV ® ). This mode adds a control of minute volume according to the end-tidal carbon dioxide monitoring and adjusts PEEP and FiO 2 according to the peripheral oxygen saturation. Arnal et al. 42 performed a short-term randomized study in 50 sedated patients and compared two hours of MV under conventional ASV modality versus two hours under IntelliVent-ASV ® modality. They found that IntelliVent-ASV ® as compared to ASV was safe and permitted to ventilate patients with less plateau pressure (24 versus 20 cm H 2 O; p = 0.005) and less F i O 2 (40 versus 30%; p = 0.001), while maintaining similar oxygenation. Afterwards, Lellouche et al. 43 compared IntelliVent-ASV ® versus a local hospital protocol in 60 post-operative cardiac surgery patients. They confirmed that IntelliVent-ASV ® was a safe modality and this mode required fewer interventions (148 interventions when applying the local hospital protocol versus five interventions when applying the IntelliVent-ASV ® mode; p = 0.001).
Data obtained in selected populations indicate that closed-loop modalities perform at least as well as experienced medical staff to wean patients from MV and thus can be a useful addition to our armamentarium. These modalities, however, have not been designed to wean the most complex cases that can be encountered in the different clinical scenarios. Moreover, the use of these modalities is limited by the availability of the specific ventilator model and brand.
NON-INVASIVE MECHANICAL VENTILATION
There are clinical scenarios in which NIMV has an important role and its use may improve weaning outcomes.
Non-Invasive Mechanical Ventilation in Difficult to Wean Patients With Chronic Obstructive Pulmonary Disease
Selected patients with chronic obstructive pulmonary disease (COPD) who failed the first SBT (difficult to wean) may benefit from the immediate switch from invasive MV to NIMV after extubation 44, 45 . Nava et al. 44 studied 50 COPD patients needing MV because of hypercapnic respiratory failure. Patients who failed the first SBT were randomized to receive invasive PSV or to be extubated and receive NIMV (delivered as pressure support ventilation) by facemask. The authors found a decrease in the duration of MV and in ICU length of stay in the NIMV group. Also, the survival rates at 60 days were 92% in the NIMV group versus 72% in the invasive ventilation group (p = 0.009). Some years later, Girault et al. 45 performed a study in similar patients. This study compared three strategies: NIMV immediately post-extubation, conventional invasive MV, and extubation plus conventional oxygen therapy. They found that NIMV could improve the weaning results in COPD patients by shortening the intubation duration and reducing the risk of post-extubation acute respiratory failure, but no differences in mortality rates were confirmed.
Non-Invasive Mechanical Ventilation in Patients at Risk of Developing Post-Extubation Respiratory Failure
Patients with COPD and with chronic heart failure who tolerate the SBT but have high risk of developing post-extubation respiratory failure could benefit from NIMV after extubation. Using this approach, Nava et al. 46 performed a trial in patients considered at risk of developing post-extubation respiratory failure (i.e. patients who had hypercapnia, congestive heart failure, more than one failure of a weaning trial, more than one comorbid condition, and so on). The patients were randomized to receive NIMV for > 8 hours a day or standard medical therapy. They found a reduction of re-intubation rates in the NIMV group as compared to standard medical therapy (8 versus 24%; p = 0.03) and in the risk of ICU mortality in the NIMV group (-10%; p <0.01). Recently, Ferrer et al. 47 performed a study in COPD patients who successfully passed a SBT and were extubated. The patients were randomized to NIMV or conventional therapy. They found both a reduction in respiratory failure after extubation (15 versus 48%; p < 0.001) and mortality at 90 days (11 versus 31%; p = 0.02) in the NIMV group as compared with conventional therapy.
Non-Invasive Ventilation in Acute Respiratory Failure after Extubation
The development of acute respiratory failure after extubation is a scenario where physicians may choose between re-intubating and resuming conventional MV, or performing an NIMV trial. The less invasive condition for the patient could be the use of NIMV; however, the effectiveness of NIMV will depend on the underlying illness. Esteban et al. 48 performed a multicenter, randomized trial to evaluate the effect of NIMV on mortality in postextubation respiratory failure. The patients were randomized to receive treatment with oxygen and usual care versus NIMV treatment and intubation if needed. The authors found that NIMV did not prevent the need for re-intubation or reduce mortality in unselected patients who had respiratory failure after extubation. The use of NIMV in acute respiratory failure after extubation is only recommended in specific populations, including those with chronic respiratory problems 49 and selected postoperative patients 50, 51 .
THE ROLE OF HIGH-FLOW NASAL CANNULA
Nowadays, the use of high-flow nasal cannula (HFNC) is increasing. The HFNC provides a high flow of heated and humidified oxygen administered via a nasal cannula and produces a low positive continuous airway pressure (< 4 cm H 2 O), which is highly dependent on mouth-closing 52 . Maggiore et al. 53 performed a study in MV patients who passed a SBT and had a PaO 2 /F I O 2 ratio ≤ 300 mmHg at the end of the SBT. The patients were randomized to Venturi mask or HFNC during 48 hours after extubation. The HFNC group had significantly better oxygenation (PaO 2 / F i O 2 ratio 287 versus 247 mmHg; p = 0.03) and significantly lower re-intubation rate (4 versus 21%; p = 0.01) as compared to the Venturi mask group. Stéphan et al. 54 performed a study in 830 patients who had undergone cardiothoracic surgery. The patients were randomized to receive continuous HFNC or bilevel positive airway pressure (pressure support level of 8 cm H 2 O and positive end-expiratory pressure of 4 cm H 2 O) for at least four hours per day. They did not find differences between the two groups in terms of treatment failure or ICU mortality. Recently, Hernández et al. 55 studied patients at low risk for re-intubation. The patients were randomized to undergo either HFNC (n = 264) or conventional oxygen therapy (n = 263) for 24 hours after extubation. They found that the use the use of HFNC compared with conventional oxygen therapy reduced the risk of re-intubation within 72 hours (4.9 versus 12.2%; p = 0.004).
WEANING CLASSIFICATION
An International Consensus Conference 56 defined three groups of patients according to the weaning process, considering the duration of weaning and the number of SBT. In this consensus, weaning success was defined as extubation and absence of ventilatory support 48 hours following the extubation. If patients had a tracheostomy, weaning success was considered after 48 hours of absence of ventilatory support.
The patients were classified as follows (Table 1) : (i) simple weaning, patients who proceed from initiation of weaning to successful extubation on the first attempt; (ii) difficult weaning, patients who fail initial weaning and require up to three SBT or as long as seven days from the first SBT to achieve successful weaning; and (iii) prolonged weaning, patients who fail at least three weaning attempts or require > 7 days of weaning after the first SBT.
A number of studies [57] [58] [59] [60] [61] [62] have evaluated this classification. In these studies, the incidence of the simple weaning group was 30-67% of all patients in whom an SBT was attempted (Fig. 2) . The incidence of the difficult weaning group is reported to be around 20-40%, and the incidence of the prolonged weaning group ranges from 6 to 30%.
A summary of these studies [57] [58] [59] [60] [61] [62] indicates that simple and difficult weaning groups are similar in terms of mortality, re-intubation, tracheostomy, and ICU stay ( Table 2 ). The prolonged weaning group, however, has been associated with worse outcomes and higher mortality (Table 2) . Indeed, Peñuelas et al. 59 observed that a weaning duration longer than seven days identifies a subgroup of patients at increased risk of death. 
Group Definition
Simple Patients with successful weaning on the first SBT attempt.
Difficult
Patients who fail initial SBT and require up to three SBT or as long as 7 days of MV from the first SBT to achieve successful weaning.
Prolonged
Patients who fail at least three SBT or require > 7 days of MV after the first SBT to achieve successful weaning.
MV: mechanical ventilation; SBT: spontaneous breathing trial.
PROLONGED MECHANICAL VENTILATION
Classically, prolonged MV is defined as the necessity of MV of six or more hours per day for at least 21 consecutive days 63 . Current data show that the duration of MV in the prolonged weaning group (as classified by the consensus conference criteria) is around 15-20 days. Possibly, a relevant percentage of patients in the prolonged weaning group belong also to the prolonged MV group.
Mechanisms Related to Prolonged Mechanical Ventilation
There are modifiable and non-modifiable factors that can cause a prolonged dependence on the ventilator (Table 3) 64 . The non-modifiable factors include chronic diseases such as COPD, chronic congestive heart failure, and neuromuscular disorders. In these scenarios, physicians have to optimize the treatment according to each condition in order to diminish the impact of the basal disease on the duration of ventilation. For example, the use of NIMV immediately after extubation in COPD patients, or the use of diuretics and vasodilators during MV and after extubation in chronic heart failure.
The most important factors that could improve the outcomes in prolonged MV patients are modifiable and are described below.
Assessment of the CApACity to BreAthe spontAneously
A delay in identifying the ability to breathe spontaneously could be a cause of prolonged MV. A daily evaluation of the capacity to breathe spontaneously has to be made. Jubran et al. 65 performed a randomized study to compare weaning duration with pressure support versus unassisted breathing through a tracheostomy collar in patients transferred to a long-term acute care hospital for weaning from prolonged MV. A total of 500 patients were enrolled. In this study, 160 patients (32%) who were enrolled were disconnected from the ventilator at the first attempt (screening procedure). A total of 316 patients were finally randomized.
The authors found that unassisted breathing through a tracheostomy, compared with pressure support, resulted in a shorter median weaning time (19 versus 15 days; p = 0.004).
nutrition
Nutritional problems can predispose to prolong MV or can worsen the clinical situation in patients with prolonged MV. The effects of malnutrition on respiratory function include reduction of respiratory muscle mass, leading to reductions in respiratory muscle strength and endurance 66 . Therefore, patients with prolonged MV must have an integral and individualized nutritional management.
WeAkness
Weakness of ICU patients is a factor related to prolonged weaning, extubation failure, and prolonged MV. The main factors that can develop or worsen muscle weakness are multiorgan failure, sepsis, severity of illness, duration of ICU stay, vasopressor support, female gender, renal failure, renal replacement therapy, parenteral nutrition, and hyperglycaemia 67 . One effective procedure to decrease the severity of muscle weakness is the application of early physiotherapy 68 .
Delirium
As much as 40% of patients under MV may suffer delirium 69 . These patients are at high risk of prolonged duration of MV, length of stay, tracheostomy, and mortality 70, 71 . The use of specific drugs (risperidone, dexmedetomidine, quetiapine) and non-pharmacological interventions (patient daily orientation, early mobilization, improvement of sleep quality) could control and decrease the incidence of delirium 72, 73 .
seDAtion
Early deep sedation has been associated with a delay of extubation and higher mortality 74 . Schweickert et al. 72 performed a randomized study comparing early exercise and mobilization during periods of daily interruption of sedation (intervention group) with daily interruption of sedation with therapy as ordered by the primary care team (control group). They found a significant decrease in duration of delirium (2 versus 4 days; p = 0.03) and in the duration of MV (3 versus 6 days; p = 0.02) in the intervention group compared to the control group.
CONCLUSIONS
In the majority of patients, weaning is a simple process and has favourable outcomes. The patients of prolonged weaning groups have worst outcomes and must be identified early. Additional therapies such as non-invasive mechanical ventilation and closed-loop modalities could be used during weaning in a specific group of patients. Finally, patients with prolonged mechanical ventilation require particular management and surveillance, including a global approach that takes into account physical, nutritional, and individualized clinical measures.
